The local critical current along a sample length is different from position to position in a long sample, especially when the sample is damaged by externally applied strain. In the present work, we attempted to reveal the relation of the distribution of the local critical current to overall critical current and the sample-length dependence of critical current for slightly and significantly damaged Bi2223 composite tape samples. In the experiment, 48 cm long Bi2223 composite tape samples, composed of 48 local elements with a length of 1 cm and 8 parts with a length 6 cm, were bent by 0.37 and 1.0% to cause slight and significant damage, respectively. The V -I curve, critical current (1 μV cm −1 criterion) and n value were measured for the overall sample as well as for the local elements and parts. It was found that the critical current distributions of the 1 cm elements at 0.37 and 1.0% bending strains are described by the three-parameter-and bimodal Weibull distribution functions, respectively. The critical current of a long sample at both bending strains could be described well by substituting the distributed critical current and n value of the short elements into the series circuit model for voltage generation. Also the measured relation of average critical current to sample length could be reproduced well in the computer by a Monte Carlo simulation method. It was shown that the critical current and n value decrease with increasing sample length at both bending strains. The extent of the decrease in critical current with sample length is dependent on the criterion of the critical current; the critical current decreases only slightly under the 1 μV cm −1 criterion which is not damage-sensitive, while it decreases greatly with increasing sample length under damage-sensitive criteria such as the 1 μV one.
Introduction
The long sample is regarded as being composed of short local elements (short samples), as schematically shown in 4 Author to whom any correspondence should be addressed. figure 1 [1] . As has been reported, the critical current value and n value (referring to the sharpness of the transition from superto normal conducting state, as shown later) of superconducting composite tape with a given length is, more or less, different from sample to sample, being distributed [1] [2] [3] [4] [5] [6] [7] [8] [9] . This means that the critical current and n value of local elements (figure 1) are distributed along the sample length, and therefore the overall critical current and n value of a sample is determined by such a distributed critical current and n value of the local elements constituting the sample.
During fabrication/winding and operation, the composite superconductors are subjected to mechanical and electromagnetic stresses, which change the superconducting property through the damage evolution . As the stress-induced damage evolution is different from position to position in the sample, the local critical current is reduced differently by applied stress. Under such a situation, the difference in critical current among the samples with a given length increases with increasing applied strain [4, 27] . As the long sample is composed of short elements (figure 1), the mechanically induced change of distribution of critical current of local elements leads to the change of sample-length dependence of critical current. We need to clarify the relation of the local critical distribution to the overall critical current, especially in the stressed samples for reliability and safety design.
In the authors' preceding work [1] , preliminary work was carried out to describe the distribution of local critical current and its relation to overall critical current of the bentdamaged Bi2223 composite tape. In that work, the bending strain of 0.4% was given to the sample. As the irreversible bending strain of the sample was 0.25-0.30%, 0.4% bending strain gave a slight reduction in critical current. Under such a condition, it was found that (i) the distribution of the critical current of the elements with 1 cm in length is described by the three-parameter Weibull distribution function [28] , (ii) the relation of the distributed critical current and n value of the local elements to the overall critical current and n value can be described by regarding the overall sample to consist of a series circuit of local elements and (iii) the sample-length dependence of the critical current is small. In the present work, the bending strains of 0.37 and 1.0% were applied to the samples, giving a slight and significant reduction in critical current, respectively. Based on the experimental and analytical results, the similarities and differences in the local critical current distribution and the sample-length dependence of critical current between the slightly and significantly damaged samples were studied. 
Experimental procedure
The multifilamentary Bi2223 composite tape consisting of Bi2223 filaments, Ag and Ag-Mg alloy, fabricated at Korea Electrotechnology Research Institute, was used for the study. The composite tape had a thickness 0.23 mm and a width 4.9 mm. It contained 55 Bi2223 filaments. The volume fractions of Bi2223, Ag and Ag-Mg alloy were 0.38, 0.32 and 0.30, respectively. The sample configuration and experimental procedure were the same as those in our preceding work [1] . The main procedure is briefly noted as follows.
For the measurement of the distribution of the critical current and n value of local elements and overall sample, a sample with a length of 48 cm was used and a total of 49 voltage taps were attached in steps of 1 cm, as schematically shown in figure 2(a) . Hereafter, the portion having a length of 1 cm is called as the element, and the element between the i and i + 1 probes is denoted as Ei (i = 1-48). In addition, the portion having a length of 6 cm, consisting of 6 consecutive elements, is called the part, as shown in figure 2(a). Parts 1, 2, . . . , j, . . . , and 8 consist of the elements E1 to E6, E7 to E12, . . . . . . , E6( j − 1) + 1 to E6 j, . . . . . . , and E42 to E48, respectively. By using such a sample configuration, the relation of the distribution of local critical current of the short elements to the critical current of the parts and overall sample, and therefore the sample-length dependence of the critical current, are detected.
It has been known that the irreversible reduction in critical current starts at an irreversible bending strain ε B,irr at which the damage of the Bi2223 filaments arises and, beyond the strain ε B,irr , the critical current is reduced more with increasing applied strain . As the ε B,irr of the present samples was 0.25-0.30%, 0.37 and 1.0% bending strains were given to the samples by winding the sample onto a cylinder with an outer diameter of 62 and 23 mm, respectively, as schematically shown in figure 2(b) . The original critical current of the local elements under no applied strain was 68 A on average. As shown later, the average critical current of the local elements was reduced to 61 and 39 A by the bending strains 0.37 and 1.0%, respectively, indicating that 0.37 and 1.0% gave relatively slight and significant damage. The sample bent by 0.37 and 1.0% at room temperature were cooled down to 77 K, at which the voltage (V )-current (I ) curves were measured in a self-magnetic field for 48 elements, 8 parts and the overall sample. The relation of the voltage to the current near the critical point was approximated by
where n and A are the fitting constants. The n value refers to the sharpness of the transition from super-to normal conducting state; the larger the n value, the sharper is the transition. The n value was estimated for the range of V = 0.1-10 μV cm −1 . The critical current I c was estimated mainly with a criterion of 1 μV cm −1 . As shown later in sections 3.3 and 3.4, the critical current estimated by the 1 μV cm −1 criterion was not necessarily sensitive to the damage. Then, as a damage-sensitive criterion, the 1 μV criterion was also used for comparison in section 3.5.
Results and discussion
3.1. Measured variation of critical current and n-value of local 1 cm elements along a 48 cm sample, and sample-length dependence of the critical current Figure 3 shows the measured variation of the local critical current I c and n value of the 1 cm elements with position of the voltage probe along the overall sample with a length of 48 cm bent by (a) 0.37 and (b) 1.0%. The corresponding parts with 6 cm length are noted for reference. Figure 4 shows the measured critical current for all elements, parts and overall sample, plotted against sample length L, where the elements and parts are regarded as the 1 and 6 cm samples, respectively. The average value at each length is shown by .
As evidently shown in figures 3 and 4, the critical current as well as the n value is different from element to element and, accordingly, from part to part in both 0.37-and 1.0%-bent samples. The distribution of the critical current of the elements will be discussed from a statistical viewpoint in section 3.2, from which the difference in distribution between the 0.37-and 1.0%-bent samples will be revealed.
The parts and overall sample are composed of the elements whose critical current as well as n value are different to each other (figures 3 and 4). The correlation of the distributed critical current of the elements to critical current and n value of the parts and overall sample, and the sample-length dependence of critical current, will be discussed in sections 3.3 and 3.4.
The average critical current decreases with increasing length (figure 4). However, the decrease in average critical current from 1 to 48 cm was around 1 A for both 0.37-and 1.0%-bent samples, which is smaller than expected. The reason for this will be discussed in section 3.5.
Statistical analysis of the distribution of the critical current of the elements
As has been shown in figures 3 and 4, the critical current was different from position to position. In our preceding work [1] , it was found that the distribution of the local critical current is described by the three-parameter Weibull distribution function for the 0.4%-bent sample. Such a distribution function was originally proposed to describe the distribution of strength [28] . This function has been applied also to critical current distribution at weak links for analysis of the V -I curve [29, 30] . According to this distribution function, the cumulative probability F of critical current I c of the elements with a length of 1 cm is expressed by
where I c,min is the minimum (lower limit) critical current, below which there is no critical current value (F = 0), I 0 the scale parameter and m the shape parameter, which can be estimated by the regression analysis. When I c,min = 0, the parameters that shall be obtained by regression analysis are reduced to two (I 0 and m). Such a function has been called a two-parameter Weibull function. In the case of a two-parameter Weibull function, the relation of ln ln(1 − F) against ln(I c ) to check whether equation (2) is applicable or not to the distribution of 0.37-and 1.0%-bent elements. The experimental results of 0.37%-bent elements showed the upward convex shape but those of the 1.0%-bent elements showed the downward convex shape, indicating that the results of the 0.37%-bent elements could be described by equation (2) but not those of the 1.0%-bent ones.
Based on the result shown in figure 5 (a), the measured distribution of the 0.37%-bent elements was analysed by the regression analysis using equation (2) . It was found that equation (2) with I c,min = 46.5 A, m = 6.50 and I 0 = 15.6 A could describe the experimentally observed distribution, as shown in figure 5(b) . The cumulative probability F given by equation (2) was converted to the frequency (density probability) and compared with the experimental result. The result is presented in figure 6 . The estimated parameters of I c,min , m and I 0 could describe well the measured distribution. This means that, when the bending strain is low, equation (2) is applicable to the local critical current distribution, as has been shown in our preceding work [1] .
On the other hand, the curve of 1.0%-bent elements with a downward convex shape in figure 5(a) indicates that, when the applied bending strain is high, equation (2) is not suitable for the description of the distribution. As an alternative distribution that enables us to describe the distribution of 1.0%-bent elements, the multimodal Weibull distribution can be mentioned [31, 32] . This function stems from the competing risk model and is applicable when plural causes of damage coexist. In the present work, we attempted to apply the bimodal Weibull distribution function, which is characterized by four parameters (two shape parameters of m1 and m2, and two scale parameters of I 01 and I 02 ). The cumulative probability F of this function is expressed by From regression analysis, it was found that equation (3) with m1 = 48.8, m2 = 12.6, I 01 = 40.8 A and I 02 = 45.6 A could describe the experimental result, as shown in figure 5(c). The frequency (probability density) calculated by equation (3) with the obtained parameters stated above is presented in figure 6 , describing the measured one.
The authors are carrying out similar experiments not only for the present sample but also for a different fabricationroute Bi2223-composite tape sample [32] . Recently, it was found that, when the sample is significantly damaged as in the present case for 1.0% bending, equation (3) is a useful tool for the description of the local critical current distribution. An example is presented in figure 7 . The experimental result, which cannot be described by the two-or three-parameter Weibull function, is described by the bimodal function expressed by equation (3). Judging from the results for the present sample (figures 5(c) and 6) and the other fabrication-route sample (figure 7), the critical current distribution of significantly damaged samples has a common feature that can be described by the bimodal Weibull distribution function. Equation (3) means that, at high applied bending strain, two kinds of causes of damage act to reduce the critical current. From the mathematical viewpoint, the cause of the damage corresponding to the term (I c /I 01 ) m1 (m1 = 48.8 and I 01 = 40.8 A) is related to the distribution of the high I c region and that of the damage corresponding to the term (I c /I 02 ) m2 (m2 = 12.6 and I 02 = 45.6 A) is related to the distribution of the low I c region. This implies that, at high bending strain, relatively large damage corresponding to the term (I c /I 02 ) m2 is caused in addition to the relatively small damage corresponding to the term (I c /I 01 ) m1 , and the critical current is reduced by both types of damage.
Relation of the distributed local critical current and n value of the 1 cm elements to the critical current and n value of the 6 cm parts and 48 cm overall sample
As has been shown in figure 3 , the critical current and n value of the 1 cm elements vary along the sample length. The overall sample consists of 8 parts with a length 6 cm and each part consists of 6 elements with a length 1 cm ( figure 2(a) ). Figure 8 shows the measured I c and n values of the 6 cm parts and 48 cm overall sample, together with the measured I c and n value of the 1 cm elements in the corresponding parts and overall sample.
As shown in figures 3(b) and 8(b), the elements E7-E12 in part 2 have similar critical currents and n values in the 1.0%-bent sample. On the other hand, the elements E37-E42 in part 7 have very different critical currents and n values from each other. The V -I curves of these parts are presented in Figure 9 . Measured V -I curves for (a) part 2 and the constituent elements E7-E12 and (b) part 7 and the constituent elements (E37-E42) in the 1.0%-bent sample, together with the estimated critical currents of the part under the 1 μV cm −1 and 1 μV criteria. figure 9 . It is noted that the generated voltage of the part is almost the same as the sum of the voltages generated by the constituent elements. In our preceding work [1] , in order to calculate numerically the correlation of the distributed critical current and n value of local elements to the critical current and n value of the parts and overall sample bent by 0.4%, we applied a simple voltage summation model that assumes onedimensional series circuit along the tape length (figure 1). It was shown that this model gives a good agreement of the calculation results with the experimental ones. According to this model, the critical current and n value of the 6 cm parts and 48 cm overall sample are calculated from the distributed critical current and n value of the constituent 1 cm elements, as follows. 
From equation (1), the voltage (V (i )) and n value (n(i )) of the i th element is expressed by V (i ) = A(i )I n(i)
where n(part/overall) is the n value of the part/overall sample. As the critical current was measured with a 1 μV cm
criterion in the present work, the voltages of 6 and 48 μV correspond to the transition from super-to normal conductive state for the part and overall sample, respectively. Setting V (overall) = 6 μV and substituting the measured values of I c (i ) and n(i ) of the elements constituting the part (i = 1-6) into equation (4), the overall critical current of the part for 1 μV cm −1 criterion is calculated. Similarly, setting V (overall) = 48 μV, and substituting the measured values of I c (i ) and n(i ) of the elements (i = 1-48) into equation (4), the overall critical current of the sample is calculated. Also, n(part/overall) can be estimated by fitting the curve {I/I c (i )} n(i) to A(part/overall)I n(part/overall) in the range of V = 0.6-60 μV and 4.8-480 μV for the part and overall sample, respectively.
The calculation results are presented in figure 8 . The measured values of I c and n values of each part and overall sample for both bending strains 0.37 and 1.0% are described well by this model from the I c and n values of the constituting elements. In this way, the correlation of I c (and n values) between the part (overall sample) and local elements could be described well by the simple voltage summation approach both for slightly and significantly damaged samples.
A Monte Carlo simulation to predict the length dependence of the critical current and n value
The results mentioned above suggest that, when the sets of (I c (i ), n(i )) (i = 1, 2, . . . , N ) of local elements are known in advance, the overall I c and n can be predicted by the voltage summation model given by equation (4) . In this section, it was attempted to simulate the length dependence of the critical current and n value by generating the sets of (I c (i ), n(i )) (i = 1 to N ) in the computer based on the Monte Carlo method. The simulation was carried out by the following procedure, similarly to the procedure presented in [1] , but the formulae used were different.
(1) Random values R(i ) (i = 1 to N , where N is the number of constituent 1 cm elements (=6 for 6 cm part and =48 for 48 cm overall sample)) were generated in the computer. Substituting (2) From the experimental results in figures 3(a) and (b), the relation of the n value to the critical current was formulated as follows. Figure 10(a) shows the measured n value of 
Equation (5) describes the relation of the n value to critical current commonly for the ranges of 0.37-and 1.0%-bent samples, as shown in figures 10(b) and (c), respectively. Then substituting the I c (i ) value, which has been given by procedure (1), into equation (5), the corresponding n(i ) value was determined. Repeating this procedure for i = 1 to N , the sets of {I c (i ), n(i )} (i = 1 to N ) were determined. (3) Substituting the determined I c (i ) and n(i ) values (i = 1 to 6 and 1 to 48 for parts and overall sample, respectively) into equation (4) (voltage summation model), the I c (part/overall) and n(part/overall) of one sample were determined.
(4) The procedures (1) to (3) were repeated 15 times by using different random value series, and the results were averaged. Figure 11 shows the examples of the simulated variation of local critical current I c with position in the 48 cm sample bent by 0.37 and 1.0%. The critical current is different at different positions, similarly to the measured one ( figure 3 ). Figure 12 shows the measured and simulated dependences of average critical current I c,ave and n value, n ave , on the sample length. The measured relations of I c,ave and n ave to the sample length are described well for both the 0.37-and 1.0%-bent samples. This suggests that the present simulation method is a useful tool for prediction of the average critical current and n value of the long sample from the statistical data of short samples under the 1 μV cm −1 criterion. The critical current of the elements is distributed widely (figures 3 and 6). If we assume that the element with lowest critical current determines the critical current of the overall sample, the lowest critical current among all elements shall be the same as the overall critical current. In such a case, it is expected that the average critical current decreases severely with increasing sample length, since the average critical current of the elements and parts is far higher than the lowest one. However, it is not the present case, as shown in figures 4 and 12, in which the measured and simulated samplelength dependence of the critical current was far smaller than expected, despite the wide distribution of the critical current of the constituting elements. In the present analysis, the 1 μV cm −1 criterion was used for determination of the critical current. The reason why the length dependence of critical current is small under 1 μV cm −1 is discussed below.
Features of the V -I curves and the influence of the definition of the critical current on the sample-length dependence of the critical current
As shown in sections 3.3 and 3.4, the critical current under the criterion of 1 μV cm −1 decreases with increasing sample length, but the extent of the decrease was small. The reason for this is accounted for as follows.
The V -I curves shown in figure 9 have the following features. (ii) The difference in the V -I curve among the elements in part 2 is smaller than that in part 7. As the critical current of part 2 under the 1 μV cm −1 criterion is the current at 6 μV, it is 40.2 A, as shown in figure 9 (a). In part 2, at 6 μV, the generated voltage of each constituting element (E7-E12) was 0.8-1.6 μV. In this way, in the case where the difference in the V -I curve among the elements is small, the generated voltages of all elements contribute to the determination of critical current of the part. (iii) On the other hand, in part 7 (critical current 35.1 A), element E38 generates 3.6 μV while the other elements generate less than 1 μV (E39 and E40: 0.8 μV, E37 and E41: 0.4 μV, and E42: less than 0.01 μV) when the voltage of the part reaches 6 μV. Evidently, one element (E38) among 6 plays a dominant role for determination of the critical current of the part. This means that E38 is far more damaged than the other elements and therefore E38 starts to generate the voltage in advance of other elements. Accordingly, at 1 μV for instance, the voltage of the part is almost governed by the voltage of E38. If we define the critical current as the current at 1 μV (1 μV criterion), the critical current of the part becomes 29.9 A, which is nearly the same as that of E38.
In the 1 μV cm −1 criterion, when the voltage of the part is governed by the voltage of one seriously damaged element, the critical current of the part is determined when the voltage of the seriously damaged element reaches 6 μV. As high voltage (6 μV) is allowed for determination of the critical current of the part, the critical current of the part is higher than that of the damaged element at 1 μV even though the generated voltage of the damaged element governs the voltage of the part. For instance, if we assume that one seriously damaged element has critical current 30 A and n value 10, and the other 5 elements have critical current 40 A and n value 18, the critical current of the part under the 1 μV cm −1 criterion is calculated to be 36 A by the voltage summation model. If the 1 μV criterion is applied to this example, the critical current of the part is 30 A. In this way, the critical current determined by the 1 μV cm −1 criterion is less sensitive to the seriously damaged element than the 1 μV criterion, resulting in only a slight decrease in critical current with increasing sample length, as has been shown in figures 4 and 12.
On the other hand, if we apply the 1 μV criterion, the influence of the more damaged elements becomes larger, as shown by the example mentioned above. Figure 13 shows the result of application of the 1 μV criterion to the present results. As the element length is 1 cm in this work, the critical current is the same for both 1 μV cm −1 and 1 μV criteria. Comparing the critical current values of all parts and overall sample under the 1 μV criterion with those under the 1 μV cm −1 one (figure 4), the values under 1 μV are evidently lower. Figure 14 shows the comparison of the sample length dependence of the average critical current under the 1 μV cm −1 criterion with that under the 1 μV one. The decrease in critical current with increasing sample is very slight in the 1 μV cm −1 criterion but it is large in the 1 μV one. In this way, the criterion to define the critical current affects the sample-length dependence of the critical current.
The 1 μV cm −1 criterion has been used widely. When all the constituent elements have a unique V -I curve, the critical current of the long sample is equal to that of the elements in this criterion. Accordingly, this criterion is useful for the description of the critical current of the long sample from the statistics of the local critical current distribution when the V -I curves of the local elements are not so much different to each other. However, when an extremely damaged local element, controlling the overall critical current, is caused within a long sample, its influence is underestimated in the 1 μV cm −1 criterion. Namely, the lowest critical current along the sample length is hidden in the estimation of the critical current of the overall sample. In such a case, a damage-sensitive criterion, for instance the 1 μV one, might be useful as an alternative.
Conclusions
The correlation between the local and overall critical currents and sample-length dependence of the critical current in the mutifilamentary Bi2223/Ag/Ag alloy superconducting composite tape bent by 0.37 and 1.0% was studied. The main results are summarized as follows.
(1) The local critical current was distributed along the sample length. The critical current distribution of the 1 cm elements under 0.37% bending strain was described by a three-parameter Weibull distribution function and that under 1.0% bending strain by a bimodal Weibull distribution function. (2) The correlation of the distributed local critical current and n value to the overall critical current and n value under both 0.37 and 1.0% bending strains was described well by the voltage summation model which regards the overall sample to be composed of a series circuit of local elemental samples. (3) The measured relation of average critical current to sample length could be reproduced well in the computer by a Monte Carlo simulation method. (4) The critical current and n value decreased with increasing sample length in both bending strains. The extent of the decrease in critical current with sample length was small under the 1 μV cm −1 criterion to define the critical current. It was shown that the critical current decreases greatly with increasing sample length if the damagesensitive criterion, for instance the 1 μV one, is used for the definition of critical current.
